The value of suppressing spring populations of the citrus red mite, Panonychus citn McGregor, at or below the conventional treatment threshold of two adult females per leaf was determined on 'Navel' orange, Citrus sinensis (L.) Osbeck, in the San Joaquin Valley. Mites on untreated trees reached peak populations between five and eight adult females per leaf. These higher mite populations caused significant reductions (-10%) in yield in only one of three studies. Average fruit size per tree increased with increasing mite-days in all three studies. Fertilization level was the only cultural practice to consistently affect total fruit yield, and yield increased with increasing fertilization level. Increasing irrigation levels also increased fruit size. The rate of fruit ripening was accelerated with increasing fertilization level and delayed by the application of a growth regulator to delay rind senescence. In general, total yield per tree and average fruit size did not differ significantly due to interactions between acaricide treatments and the 36 other combinations of cultural practices.
The actual impact of feeding by mites on rates of leaf gas exchange apparently are not well-correlated with levels of visible leaf injury, however. Recently, Hare & Youngman (1987) showed that on field-grown orange trees (Citrus sinensis (L.) Osbeck), densities of citrus red mite more than seven times greater than the conventional treatment threshold had no consistent effect on gas exchange during the growing season. In a subsequent study to examine the combined and possibly interacting effects of differential irrigation and mite feeding on gas exchange, Hare et al. (1989b) showed that gas exchange was more strongly and significantly affected by a ±20% variation in irrigation level than by variation in mite densities more than three times the conventional, "visible-injury" treatment threshold. In a study using artificial infestations on potted trees, however, Wedding et al. (1958) found that lemon (Citrus limon (L.) Burman) trees infested with 35 adult females per leaf had reduced rates of photosynthesis for up to 26 wk after infestation.
In this study, we measured the impact of citrus red mite populations on total yield, fruit size, fruit grade, and total crop value of field-grown, commercial-bearing orange trees. We also calculated 0022-0493/90/0976-0984$02.00/0 the economic return of suppressing citrus red mite populations under economic conditions prevailing over the past 4 yr. In addition, because this experiment was part of a larger project established to evaluate the interactions of several different grove management practices in one large-scale experiment, we evaluated the potential variation in impact of citrus red mite populations on tree yield and profitability over all 36 combinations of three irrigation treatments, three fertilization treatments, two fungicide/nematicide treatments, and two growth regulator treatments.
Materials and Methods
Complete descriptions of the McKellar experimental plot and treatment protocols have been published previously (Hare et al. 1989a) . Briefly, the three irrigation treatments (80%, 100%, and 120% of calculated daily evapotranspirational demand [ETc] ), three nitrogen fertilization treatments (deficient, standard, and excess), two fungicide/ nematicide treatments (treated versus untreated), two growth regulator treatments (gibberellin treated versus untreated), and two acaricide treatments (treated versus untreated) were arranged in a factorial design with four blocks of 72 trees and one tree per block in each 3 x 3 x 2 x 2 x 2 treatment combination. Trees were assigned to treatments on the basis of pretreatment yields and visual ranking of overall size and vigor, both done in 1985 to minimize within-treatment variation. All treatments except the acaricide treatment commenced in the 1985 growing season, and the various dates and rates of applications for the 1985-1987 seasons have been reported previously (Hare et al. 1989a) . Acaricide treatments, which commenced with the 1987 season, are described below.
For the 1988 growing season, differential irrigation, fungicide/nematicide, and growth regulator treatments were repeated as in previous years (Hare et al. 1989a) . Trees assigned to the "low nitrogen" treatment were given a foliar application of urea on 23 March 1988 (6.5 g/liter in water, 37 liters per tree, 0.11 kg nitrogen per tree), while trees in the other two treatments were given two applications of foliar urea on 24 February and 9 March (13 g/liter, 37 liters per tree, 0.22 kg nitrogen per tree each application). Due to the buildup of foliar nitrogen levels in previous years, it was not thought necessary to apply additional nitrogen to the "excess nitrogen" trees in 1988.
The 144 trees where mite populations were to be suppressed were sprayed with oxythioquinox (Morestan 25 WP [wettable powder], Mobay Corp., Kansas City, Mo., 2.8 kg [AI]/ha) on 31 March in both 1987 and 1988, before citrus red mite populations expanded. These trees also were sprayed with fenbutatin oxide (Vendex 50 WP, Shell Chemical Co., Houston, Tex., 2.8 kg [AI]/ha on 11 May 1987, and 12 May 1988, when mean mite densities exceeded the conventional treatment threshold of two adult females per leaf. These two acaricides were chosen especially because previous studies showed no significant, short-term, deleterious effects on citrus photosynthesis (Jones et aI. 1983) . All materials were applied in approximately 39 liters of water per tree. The remaining 144 trees were not treated with acaricides either year. The last time the "untreated" trees, or the remaining trees in the grove, were sprayed with acaricides was in the spring of 1984. No other pesticides were applied to the plot in 1987 or 1988.
A second experimental plot of 108 trees was established at the Lindcove Field Station, Exeter, Calif., approximately 12 km from the McKellar site, in the spring of 1986. The plot consisted of nine rows of 12 trees each. Only the three irrigation treatments (80%, 100%, and 120% ETc) and the two acaricide treatments (treated versus untreated) were included. Irrigation was provided by a drip irrigation system with differential irrigation provided by variation in the number of emitters per tree (Le., four emitters for the 80% ETc trees, five emitters for the 100% ETc trees, and six emitters for the 120% ETc trees). Each half-row (i.e., six trees) was irrigated independently. The 18 halfrows were assigned to each of the three irrigation treatments in a balanced design. Within each halfrow, three trees were assigned to each acaricide treatment. Thus, there were 18 trees in each of the (3 x 2 = 6) treatment combinations. The entire grove was treated to suppress citrus red mites in the spring of 1986, and differential irrigation treatments were initiated at that time. Irrigation treatments were continued in 1987, but mite populations did not occur even though no additional acaricide applications were made. High mite populations returned in 1988, and the two acaricide treatments were initiated with an application of oxythioquinox (as above, 2.8 kg [AI]/ha) to designated trees on 31 March 1988. Unlike the McKellar site, a second acaricide application was not needed.
Mite densities were monitored at 1-4-wk intervals, depending upon density during both years at both plots, from 11 February through 17 June 1987 and from 11 February through 20 July 1988, using procedures described in Hare & Youngman (1987) . Monitoring was terminated when mite populations declined with the onset of high (>40°C) temperatures. Accumulated mite-days were calculated for each tree as the area under the mite density curve as described in Hare & Youngman (1987) .
Diameters of 50 randomly selected fruit still attached to each tree were measured with calipers during the dormant period (February 1988 and December 1988) before harvest each year. Fruit samples were taken in November 1987 from the McKellar site for quality analyses. Total soluble solids (mostly sugars) and total acid were measured using standard methods (Horwitz 1980) . Statistical analyses were then performed on the ratio of total soluble solids to total acid, because this ratio is Vol. 83, no. 3 central to the legal definition of maturity of oranges for harvest and sale (Erickson 1968) .
Complete harvests were made on 22-24 March 1988, and 4-6 April 1989 at the McKellar site and on 6-9 December 1988 at the Lindcove site. The weight of fruit previously harvested for quality analyses was recorded and added to the complete harvest to determine total fruit yield per tree. After individual tree harvests, fruit from different combinations of treatments were pooled and commercially graded and packed. At Lindcove, fruit from trees in the three irrigation treatments were pooled within the two acaricide treatments, and fruit from the two acaricide treatments were graded and packed separately.
Experimental factors were incorporated into a split-block factorial design at the McKellar site. Variation in total yield, fruit size, and parameters of quality among blocks and among irrigation treatments was tested over the block-by-irrigation treatment interaction. Variation between fungicide treatments and the irrigation treatment-byfungicide treatment interaction was tested over the blocks-by-(fungicide treatment within irrigation treatment) interaction. Variation between acaricide treatments, the irrigation treatment-by-acaricide treatment interaction, the acaricide treatment-by-fungicide treatment interaction, and the acaricide treatment-by-fungicide treatment-by-irrigation treatment interaction were tested over the blocks-by-acaricide treatment within (fungicide by irrigation treatment) interaction (See Hare et al. 1989a) . All other main effects and interactions were tested over the residual error mean square. Means were compared using Tukey's studentized range test as implemented in the SAS analysis of variance (ANOV A) (SAS Institute 1985) .
Linear regression was employed to further quantify the effect of citrus red mites on tree yield and fruit size over all trees pooled across acaricide treatments. The independent variable was mite days, and the dependent variables were fruit yield and fruit diameter each adjusted for the effects of differential irrigation, fertilization, fungicide/nematicide treatments and growth regulator treatments. Adjusted yields and diameters were calculated simply as the residual from the predicted values plus the grand mean from an ANOVA model incorporating all factors and interactions except those involving acaricide treatments.
The value of fruit actually packed was calculated as the product of the number of cartons in each grade and size class per treatment times the net price per box those fruit would bring to the grower. For the purposes of this study, yearly average prices for each of the past four years, as well as overall four-year average prices for San Joaquin Valley citrus\ were used. Data were obtained from a confidential survey of several packing houses representing approximately 50% of the volume of 'Navel' oranges grown in this region. The last four years have been relatively lucrative to California citrus growers and reflect reduced competition from Florida and Texas citrus producers following severe freezes in those areas in the early 1980s. We ignore the effects of variation in prices within seasons, except to point out that such variation can only increase the uncertainty in predicting economic returns for grove management practices having marginal effects on production.
Results
Mite Population Densities. Population responses of the citrus red mite to these cultural manipulations have been presented elsewhere (Hare et al. 1989a,c) . In general, mite population growth and decline followed the seasonal pattern seen in previous studies (Hare & Youngman 1987 , Hare et al. 1989b . Increases in mite populations roughly coincided with the onset of flower production in early April, with peak populations 2-4 times greater than the conventional treatment threshold of two adult females per leaf occurring in mid-May, followed by a population crash coinciding with the onset of daily temperatures >40"C in early to mid-June ( Fig. 1-3 ). The 1988 season was somewhat atypical in that mite populations took longer to build up and decline following an unusually cool spring. While mite populations on untreated trees reached an average peak density of between five and eight adult females per leaf, the acaricide applications kept mite populations at or below two adult females per leaf in all cases ( Fig. 1-3) .
In all three experiments, mean mite-days differed significantly between acaricide treatments. In 1987, mean (±SEM) total mite-days at the McKellar grove were 161 ± 14 on acaricide-treated trees and 379 ± 26 on untreated trees (F = 102.25; df = 1, 180; P :5 0.0001), whereas in 1988, mean total mite-days were 162 ± 8.5 on acaricide-treated trees and 390 ± 16.2 on untreated trees (F = 130.5; df = 1, 180; P :5 0.0001). At the Lindcove plot in 1988, mean mite-days on untreated trees averaged more than seven times those on treated trees (Table  1) and differed significantly between acaricide treatments (F = 109.71; df = 1, 100; P :5 0.0001) but not among irrigation treatments (F = 0.40; df = 2, 100; P = 0.67) nor due to the acaricide treatment x irrigation treatment interaction (F = 1.39; df = 2, 100; P = 0.25).
Total Yield. At the McKellar plot in 1987, total yield was significantly affected by fertilization treatments, fungicide/nematicide treatments, and acaricide treatments (Tables 2 and 3) . Total yield varied approximately ± 12% about the middle fertilization treatment, was 13% higher from trees treated with fungicide/nematicide, and was 11% higher on trees treated with acaricides. Relatively few of the interaction terms were statistically significant, and none involving acaricide treatments were statistically significant (Table 3) .
In 1988, fertilization was the only main treatment to significantly affect yield, and, again, total eterious effect on fruit size in 1987 but not in 1988 (Table 2) . No consistent interactions on fruit size between acaricide applications and the other factors were observed, however. Fruit diameter also increased significantly with irrigation level at Lindcove (F = 11.64; df = 2, 100; P ::; 0.0001) and was also reduced significantly on trees where mite populations were suppressed (F = 10.23; df = 1, 100; P = 0.0018, Table 2 ). These two factors apparently acted independently because there was no statistically significant interaction (F = 1.34; df = 1, 100; P = 0.27).
Fruit Ripening. Fertilization and growth regulator treatments were the only two main factors significantly affecting soluble solids: acid ratio. More heavily fertilized trees had higher soluble solids: acid ratios (i.e., their fruit ripened faster), and the application of gibberellin caused a minor delay in fruit ripening (Table 2 ). Even though both fungicide/nematicide and acaricide applications increased yield in 1987, neither significantly affected the rate of fruit ripening (Table 2) . Fertilization and gibberellin acted independently on fruit ripening because their two-way interaction was not statistically significant, but the two-way interaction between fertilization and fungicide/nematicide applications was statistically significant, as was the three-way interaction among fertilization, growth regulator treatments, and acaricide treatments (Table 3), These measurements were not repeated in 1988 because there was no effect of acaricide treatments on rate of fruit ripening even when there was a significant effect on yield. 1600 400 (Table 1) . Acaricide treatments did not significantly affect yield (F = 2.84; df = 1, 100; P = 0,09) nor did the irrigation treatment x acaricide treatment interaction (F = 0.03; df = 2, 100; P > 0.97).
Fruit Size. Irrigation treatments significantly affected average fruit diameter at the McKellar grove both years (Tables 2 and 3) , and fruit size increased with increasing irrigation level. There was an inverse effect of fertilization on fruit diameter in 1987 but not in 1988, and both fungicide/nematicide and growth regulator treatments resulted in an increase in fruit diameter in one year but not in both (Table 2) . As was true of total yield, relatively few interaction terms were statistically significant either year (Table 3) .
Acaricide applications apparently had a net del-800 1200 MITE -DAYS Fig. 3 . Lindcove 1988. Mean ± SEM mite densities over time (top), and plots of adjusted tree yield (kg per tree) and fruit diameter (mm) versus mite-days (middle and bottom). Open circles designate acaricide-treated trees and filled circles designate untreated trees. Regression of diameter on mite-days significant at P s 0.001. Fig. 2 and 3) . In contrast, fruit diameter was always significantly and positively related to mite-days ( Fig.   1-3) , although, again, the proportion of variation in fruit size explained by mite-days was low.
Crop Value. Table 4 lists prices of packed oranges (net) for the past four years. On average, larger oranges were more valuable than small oranges, with the exception of the largest size classes (>88 mm in diameter). Also, second-grade fruit was worth only about 60% of the value of firstgrade fruit. The effect of variation in size and grade on dollar returns fluctuated considerably among years, especially in the more extreme size classes. Large fruit were especially valuable when they were rare (i.e., when average fruit size was small), and small fruit were more valuable when average fruit sizes were large, as the comparison between prices for 1986-1987 and 1987-1988 illustrates.
Calculations of the value of fruit actually packed in 1987 show that, at average prices, there was a net benefit of $1.94 per tree in suppressing citrus red mite populations, after subtracting the cost of treatment (Table 5) . Using the variation in price structure between years as an analogy for the variation within years, the net returns ranged from a benefit of $4.16 per tree to a loss of $1.47 per tree, depending upon which size classes of fruit were most valuable. In 1988, however, the value of the crops from both the McKellar and the Lindcove groves did not increase sufficiently to offset the cost of treatment under any price structure examined.
For all price structures but one (1987-1988, which put a premium on small fruit), the value of the crop from the untreated trees exceeded that of the Vol. 83, no. 3 acaricide-treated trees at Lindcove even before the cost of acaricide applications was subtracted.
Discussion
Citrus red mite populations naturally reaching peak densities between two and four times the conventional treatment threshold had minimal effects Table 5 . Net crop value" of (ruit (rom untreated and acaricide-treated trees at average yearly and overall average price structures (or 1984 through 1988 Crop value per tree ($) on total yield. In only one of the three experiments was total yield reduced significantly by uncontrolled citrus red mite populations. Moreover, the effects of uncontrolled citrus red mite populations did not accumulate over the two seasons examined so far, because yields differed significantly in the first season of differential treatments at the McKellar grove but not in the second. There were statistically significant linear, positive relationships between average fruit diameter and mite-days per tree in all three experiments, and the economic improvement in crop value from the increase in fruit size can compensate for reductions in total yield. The effects of uncontrolled citrus red mite populations on total yield and average fruit size were independent of other grove management practices, particularly fertilization and irrigation, that also affected yield and size.
The effects of high citrus red mite populations on orange, especially the beneficial effect on fruit size, contrast with effects of other mite pests on other tree fruit and nut crops. For example, on apple, the major effect of mite pests is to reduce the rate of fruit growth within the season of injury (Hoyt & Tanigoshi 1983 , Beers et al. 1987 . On strawberries, feeding damage by Tetranychus urticae Koch reduced both total yield and mean fruit size in the season of injury (Sances et al. 1981 (Sances et al. , 1982 . Similar results have been obtained for T. urticae on pear (Westigard et al. 1966 ). On peaches, T. urticae caused a reduction in total yield, perhaps through reductions in fruit size (Bailey 1979) , but accumulations of 3,600 mite-days of Panonychus ulmi Koch did not significantly affect yield or fruit size (McClernan & Marini 1986 ). On almonds, no effects of mite damage on yield occurred until the season following mite injury, but nut size was never affected (Barnes & Andrews 1978 , Welter et al. 1984 . On walnuts, infestations of P. ulmi had no effect on yield until the third year, when a 40% loss occurred, and significant losses persisted for at least two additional years after mite suppression was reestablished (Barnes & Moffitt 1978) .
One factor that may account for the differences in the effect of uncontrolled mite populations on the size of citrus compared with other fruit crops is the fact that unlike apple, for example (Hoyt & Tanigoshi 1983 , Ames et al. 1984 , 'Navel' orange trees do not require artificial thinning. In one detailed study, only 0.6% of all fruit set in 'Washington Navel' survived to fruit maturity, and most (83%) fruit abortion occurred during the late spring and early summer (Erickson & Brannaman 1960 . Davies 1986 ). This June drop period normally occurs during or slightly after mite populations have peaked in the San Joaquin Valley. Fruit-thinning sprays applied during the June drop period may significantly reduce the total number of fruit to be harvested but significantly increase the size of those fruit. In one study, a 25% reduction in the number of fruit reaching maturity did not reduce total yield due to offsetting increases in fruit size (Hield et al. 1962) . Possibly, feeding by uncontrolled citrus red mite populations caused an increase in the number of fruit aborted during the June drop period. However, because previous studies have shown that spring feeding by citrus red mite populations does not significantly reduce rates of photosynthesis during the growing season (Hare & Youngman 1987 . Hare et al. 1989b . it is unlikely that photosynthate limits fruit growth on untreated trees. Thus, we speculate that the consistent increases in fruit size with comparatively little effect on total fruit biomass is caused by a redistribution of photosynthate into a smaller number of fruit on trees where moderate mite populations are uncontrolled. Limits exist on the ability of trees to compensate for reduced fruit number with increasing fruit size (e.g., Hield et al. 1962) , and it is likely that higher mite populations than those seen in these studies may cause sufficiently high levels of fruit abortion to result in significant yield reductions. This speculation remains to be confirmed, however.
A second explanation may be that the acaricide sprays themselves suppress fruit growth. If this were the sole explanation, then we would expect a consistent effect of the treatment and no linear increase in fruit diameter with mite-days. To evaluate this hypothesis, we calculated regression coefficients between fruit size and mite-days for acaricidetreated and untreated trees separately in all three experiments and compared them statistically (Sokal & Rohlf 1981) . For the McKellar 1988 and Lindcove data ( Fig. 2 and 3) , the regression coefficients do not differ significantly between treated and untreated trees. The regression coefficients (± their standard errors) were 0.003080 ± 0.000914 for untreated trees, and 0.001579 ± 0.001798 for treated trees at McKellar in 1988 (F = 0.50; df = 1, 284; P > 0.25), and 0.002305 ± 0.000874 for untreated trees, and 0.010230 ± 0.003829 for treated trees at Lindcove (F = 3.48; df = 1, 102; 0.10 > P > 0.05). Thus. for these two data sets, the relationship between fruit diameter and mite-days on the untreated trees alone is sufficient to account for the reductions in fruit size on treated trees over the lower range of mite-days following acaricide treatment. For the McKellar 1987 data (Fig. 1) . however, fruit diameter also increased with increasing mite-days on the treated trees (b ± Sb = 0.004884 ± 0.001448) but declined with mite-days on the untreated trees (b = -0.000553 ± 0.000845) (F = 9.61; df = 1, 284; P < 0.001 for differences between slopes). The highest mite densities on individual trees (25-37 adult females per leaf) observed in any of the three experiments occurred in this data set and may indicate the actual mite densities necessary to significantly reduce fruit production. Because the relationship between mitedays and fruit diameter on untreated trees can account for the reduction in fruit diameter on the treated trees in two of three data sets, and because the acaricides were chosen, in part, because they are known not to reduce leaf photosynthesis significantly (Jones et al. 1983 ), we do not think it likely that the acaricides alone could have caused the observed reductions in fruit size.
Regardless of the physiological mechanisms involved, our results indicate that the economic benefits of suppressing citrus red mite populations at or below the conventional threshold of two adult females per leaf are ambiguous. The economic benefit depends upon the size distribution of fruit actually produced and the price structure in effect when fruit are harvested and sold. Unfortunately, this critical information is not available to growers until at least six months after treatment decisions must be made. In general, when average fruit size is large, the prevailing price structure favors the smaller size classes (Table 4) . When those conditions prevail, it would have been beneficial to suppress mite populations the previous spring to avoid excessive production of large fruit. However, when average fruit size is small and price structure favors large fruit, it would be most economical to have withheld acaricide treatments. It is not possible to predict the economic returns of suppressing spring citrus red mite populations without accurate spring predictions of fruit size distributions and price structures at harvest.
Under current grove management practices and marketing conditions, suppression of citrus red mite population levels at or below the highest observed in these studies provides uncertain economic returns. In view of this uncertainty, and in view of the potential problems that might be caused by uneconomical acaricide applications (e.g., increasing selection for acaricide-resistant mite genotypes, disrupting biological control of more serious economic pests, and, more recently, raising public concerns about pesticide residues on fruit), material and labor presently allocated to citrus red mite suppression below eight adult females per leaf might be more profitably allocated to other areas of Vol. 83, no. 3 crop production providing more significant and predictable economic returns.
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